Introduction
Bisphenol A (BPA; 4,4-isopropylidene diphenol) is a chemical intermediate used primarily in the production of epoxy resins and polycarbonate products. Specific uses include impact-resistant eyeglass lenses, food and beverage containers, helmets, compact discs, fire retardants, production of polyvinyl chloride and other plastics (Staples et al., 1998; EC, 2003) . The available literature on the environmental toxicology of bisphenol A has been critically reviewed (Staples et al., 2002 , EC, 2003 , and the compound is known to exhibit weak estrogenic activity. Several recent papers by Oehlmann and colleagues have claimed that BPA induces superfeminization in the gastropod Marisa cornuarietis at environmentally relevant exposure concentrations. These effects include formation of additional female organs, enlarged accessory sex glands, gross malformations of the pallial oviduct, and a stimulation of egg and egg mass production resulting in increased female mortality (Oehlmann et al., 2000; SchulteOehlmann et al., 2001; Oehlmann et al., 2006a) . If these claims are valid, they can have an important influence on the risk assessment for this chemical, since, on the basis of the above results, M. cornuarietis would seem to be more sensitive than all other aquatic invertebrates so far tested.
However, there are a number of problems with using Marisa cornuarietis in ecotoxicological testing. These include a lack of basic knowledge of the husbandry requirements of the species and the variability of its lifeability, etc.) under laboratory conditions. In addition, the published studies claiming effects of BPA on this species (Oehlmann et al., 2000 (Oehlmann et al., , 2006a Schulte-Oehlmann et al., 2001 ) have been hotly debated (Dietrich et al., 2006 , Oehlmann et al., 2006b ). The present study aims to contribute new data to this ongoing debate.
Part I of this two-part series (Forbes et al., accepted) quantified and identified sources of variability in key test endpoints under controlled laboratory conditions to establish baseline values and determine experimental design requirements. In Part II of this series we provide preliminary results of the effects of BPA on Marisa cornuarietis and, on the basis of these results, perform a statistical power analysis and demonstrate how such analyses can be used to design robust and powerful tests for detecting effects of BPA on this species. Our results highlight the need for proper replication and power analyses when deriving conclusions about chemical effects that can have important impacts on the regulation of such chemicals.
Materials and methods

Culture establishment and conditions
Wild specimens of M. cornuarietis were collected from Lake Guajataca, Puerto Rico (see Aufderheide et al. (2006) , for site details and collection methods) and transported to ABC Laboratory, at which the present experiments were performed. The snails were cultured under conditions similar to those specified for testing purposes. A 12 h light: 12 h dark photoperiod with two 30 min transition periods was used with illumination provided by fluorescent lights at an intensity range of 400-800 lux. The cultures were set up on a single-pass flow-through system to maintain adequate water quality (i.e., dissolved oxygen, temperature, and pH). Water temperature of cultures was maintained at 25°C. Snails were fed fresh, commercially purchased organically grown romaine lettuce (Lactuca sativa, romaine) and commercial algal wafers (supplied by Hikari, USA, http://www.hikariusa.com/ tropical/algaewafers).
Experimental design
This study was designed and performed according to the OECD principles of good laboratory practice (GLP) (OECD 1997) . The endpoints we chose for this study are adult fecundity, egg hatchability and development rate and juvenile growth rate since these endpoints are less subjective and more amenable to statistical analysis than morphological or histological endpoints. In addition, they cover the main stages of the life cycle and can be combined to give a measure of effect at the population-level (Forbes and Calow, 1999) .
The adult snails used to initiate the BPA trials were cultured at ABC Laboratories (e.g., F 4 and F 6 generations). Males were in the size range of 31.4-41.7 mm diameter and females were in the range 36.4-47.5 mm diameter. Previous work has shown snails in this size range to be reproductively active (Aufderheide et al., 2006) . Snails were impartially allocated among replicate aquaria and chambers.
Each adult replicate consisted of a glass aquarium (approximate base dimensions 60 × 30 cm) containing a working volume of 25 L of test solution. Each replicate was segregated into 10 equal size chambers using perforated glass partitioning and received 10 volume additions of water per day. The water delivery system was split between the 10 chambers so that water addition was similar among the 10 chambers. The test chambers were immersed in a circulating water bath adjusted to maintain the water temperature at 25±1 °C, which was measured continuously using a Multi-Scan temperature probe positioned centrally in one of the centrally located replicate aquaria.
One breeding pair of M. cornuarietis was placed into each chamber resulting in a density of ~0.8 snails/L.
Each breeding pair was fed the two food types three times per week in amounts of approximately 2 g of lettuce and 0.5 g of an algal wafer. Any old food was removed on the next feeding occasion. Each replicate was cleaned by siphoning feces and uneaten food particles three times per week just prior to the addition of new food. Aquarium walls were wiped once per week, and glass partitions were removed and cleaned individually as needed.
Dilution water and test chemical
The dilution water was a laboratory freshwater prepared by blending naturally hard well water with well water that was demineralized by reverse osmosis. These water types were blended to yield a total hardness of 130-160 mg/L as CaCO 3 and a calcium content of approximately 30 mg/L. Calcium chloride dihydrate (CaCl 2 · 2 H 2 O) was mixed with the laboratory freshwater prior to delivery into the diluter system in order to increase the total calcium content to within a range of 60-90 mg/L. Prior to the initiation of the studies and at least once during the course of the studies, calcium content was measured from duplicate samples of dilution water collected near the drain of one of the control replicate chambers. The direct calcium content measurements were equated to total hardness values, and test solution hardness was monitored on a weekly basis to demonstrate adequate calcium addition. Calcium analysis was conducted by ICP-MS (Perkin-Elmer ELAN 6000, Perkin-Elmer Life & Analytical Sciences, Wellesley, MA, USA) according to standard methodology (EPA method 200.8, Creed et al., 1994) . The dissolved oxygen concentrations were kept at ≥ 60% of saturation in the test solutions throughout the test. Test replicates were aerated to maintain dissolved oxygen concentrations above this level. The test solution temperature, dissolved oxygen, and pH content were measured once per week.
BPA test concentrations were prepared in the following nominal concentrations: 0 (control), 0.10, 1.0, 16, 160, and 640 μg BPA/L. A modified proportional diluter system (Mount and Brungs, 1967 ) was used to intermittently introduce test substance and dilution water into the test chambers. The diluter system was volumetrically calibrated before test initiation and inspected at least twice each day during the tests for function and stock usage, and the metering pumps were checked weekly for delivery volumes. Stock was prepared weekly and added to the stock bottle on the diluter daily or as needed. The diluter system was set-up to deliver dilution water or test solutions to each test vessel for a minimum equilibration period of 14 days prior to addition of the test organisms.
Analytical confirmation of the test solution BPA concentrations was performed by high performance liquid chromatography (HPLC; Agilent 1100; Agilent Technologies Inc., Palo Alto, California, USA) with UV fluorescence detection (excitation wavelength = 230 nm; emission wavelength = 280 nm). A Zorbax Eclipse XDB C8 column (15 cm × 4.6 mm), a mobile phase (Isocratic) of 65:35 methanol: deionized water, a flow rate of 1 mL/min, and an injection volume of 900 μL were used.
BPA concentrations were measured twice during the equilibration period, at test initiation, weekly during the adult fecundity and juvenile growth trials, twice a week during the hatchability trials, and at test termination. The analytical samples were composites of equal volume sub-samples collected from each replicate aquarium.
Adult fecundity trial
An adult fecundity trial was performed for a 12-week period. Three replicate test vessels with 10 breeding pairs were tested at each test concentration (i.e., 30 pairs per treatment level × 6 levels = 180 adult pairs). Chambers were checked three times weekly for the presence of eggs. Both numbers of egg masses and numbers of eggs per egg mass were recorded. When preparing to collect eggs for hatchability trials (see below), adults were checked daily so that the exact date of egg deposition used in the hatchability trials could be determined.
To quantify the effect of BPA exposure on egg production, nested analysis of variance (ANOVA) was used (Sokal and Rohlf, 1995) in which replicate aquaria were nested within BPA treatments, and the dependent variable was eggs/female/month (averaged for each female over the entire trial; n = 10 per replicate aquarium).
Egg hatchability trial
A hatchability trial was started two months after the initiation of the adult fecundity trial. Hatchability trials were initiated by the selection of five females from each replicate. Selection was made when at least five females produced an egg mass in that replicate over as short a time period as possible, ideally 24 h. If more than five females produced an egg mass in the time period, then a random selection process was used to select the five females. The selection of synchronized females aimed to reduce the time for the hatchability and juvenile growth trials.
Five consecutive egg masses were collected from each of the selected females, resulting in 25 egg masses per replicate and 75 egg masses per treatment level. The number of eggs per egg mass was counted for each of these egg masses. Each egg mass was placed separately in a glass and nylon mesh basket submerged in the test solutions. The time, in days, to first hatch and approximate time to 50% hatch were recorded. Each egg mass was observed for 2 weeks following first hatch. Any eggs not hatched by this time were defined as nonviable (Forbes et al., accepted) .
Effects of BPA on egg hatchability were tested by calculating average percent hatch for each mother (mean of 5 egg masses), transforming the data to improve normality (arcsine transformation, following Sokal and Rohlf, 1995) and performing a nested ANOVA, with replicate aquaria nested within treatments. The number of days to first and 50% hatch were analyzed similarly, though for these endpoints it was not necessary to transform the data prior to analysis.
Juvenile growth trial
A juvenile growth trial was performed for an exposure period of 3 months and was conducted as a continuation of the hatchability trial. The growth trial was initiated when the first of the five females used for the hatchability trial produced her fifth egg mass. On this date egg masses were collected from the same five females used for the hatchability trial and transferred to hatching baskets as above. Between 15 and 20 juvenile snails were impartially selected from each egg mass of each selected female on the day of 50% hatch. The selected snails were held at a maximum density of 2 snails/L. At 30 days post-hatch (dph), five juvenile snails were selected randomly from the original 15-20, blotted dry and weighed. At 37 dph all snails were blotted dry, individually identified by numbering the shell using a fine point permanent marker, and weighed. Unpublished pilot trials showed that this procedure did not adversely affect snail growth or survival. Subsequently, the 25 snails (five from each of the five females) were placed in an aquarium of the same dimensions as used in the adult fecundity trial but without the partitions and with a working volume of 32 L (at a density of 0.8 snails/L). Snail wet weights were measured to the nearest 0.1 mg on a laboratory balance after gently blotting excess water from snails.
Juvenile growth rates were calculated by fitting a third degree polynomial to the data set for each individual, and calculating the growth rate at 60 dph from the equations. Only individuals with at least four data points were used to estimate the parameters of the polynomial function. Growth rates were compared by nested ANOVA (with replicate aquaria and mothers nested within treatments).
Statistical power analysis
The power to observe an effect on the total egg production was calculated using the method described in van der Hoeven (1998) assuming that the two-sided Dunnett test was used to compare the replicate means in the different treatments with those in the control. The among-replicate coefficient of variation (CV) was estimated from this data set.
Results
Analytical chemistry
In general, measured concentrations of BPA were close to or greater than nominal concentrations (Table 1) . Recoveries were generally closer to nominal values in the Adult Fecundity Trial than in the Egg Hatchability and Juvenile Growth Trials. The latter two trials are considered together due to differences in starting dates of the grow-out portion (0-37 days post hatch) among replicates such that some of the analytical samples cover both portions of testing. The lowest average recovery occurred in the 16 μg/L treatment in the Hatchability/Juvenile Growth Trial in which average recovery was 75% of nominal. The highest recovery occurred in the 0.1 μg/L treatment in the Hatchability/Juvenile Trial in which average recovery was 143% of nominal.
Adult fecundity trial
There was 100% survival of adult snails in all treatments during the course of the 12-week trial. There was no significant effect of BPA on adult egg production at any of the tested concentrations (P =0.42) (Figure 1 ), nor were there any significant differences among replicates within treatments (P = 0.24). Of the 180 snail pairs used in this trial, five pairs did not produce any eggs, and these infertile pairs were omitted from the analysis (Control: 1 pair; 0.1 μg/L: 2 pairs; 160 μg/L: 2 pairs). Visual inspection Values are means (SD) based on a total of 15 (Adult Trial) or 22 (Hatchability/Juvenile Growth) samples taken over the course of the trials.
of reproductive output during the course of the trial does not indicate any clear time trends (either increasing or decreasing) in egg production as a function of increasing exposure time (Figure 2 ). Snails produced an average of 560 eggs/female/ month (averaged over all treatments and pairs). The contribution of BPA concentration to the total variance in egg production was estimated by treating the effect of BPA levels as a random factor, just as the replicate effect.
This analysis indicated that only 0.4% of the total variance in egg production could be attributed to BPA treatment, whereas 2.6% was due to replicate and 97% was due to inter-individual variability. The within-replicate (aquarium) coefficients of variation for this endpoint provide an estimate of the size of inter-snail variability. These ranged from 27% to 66% and averaged 45%.
Egg hatchability trial
There was no effect of BPA exposure on percent hatch (P = 0.51) (Figure 3 ) and no significant difference in percent hatch among replicate aquaria within treatments (P = 0.34). Likewise, we could detect no effect of BPA exposure on time to first hatch (P = 0.10) or 50% hatch (P = 0.16) (Figure 4) , and there were no differences among replicates within treatments for either endpoint (P = 0.79 for first hatch and P = 0.78 for median hatch).
Percent hatch (for all mothers and treatments pooled) averaged 93% (SD = 15.5), time to first hatch took an average of 11.5 days (SD = 0.91) and time to 50% hatch took an average of 12.2 days (SD = 2.19).
Analysis of the contribution of BPA concentration to the total variance in hatchability traits indicated that only a very small percent of the total variance in percent hatch (ca. 0%), time to first hatch (6%) and time to 50% hatch (4%) could be attributed to BPA treatment. By far the largest contributor to the total variance in hatchability traits was due to inter-individual variability (which accounted for approximately 95% of the total variance for all three traits). The average within-replicate coefficient of variation for percent hatch was 18% (range: 6-65%), for time to first hatch was 6% (range: 2-22%), and for time to 50% hatch was 9% (range: 3-56%).
Juvenile growth trial
Of the 450 juveniles tested in this trial (75 juveniles per treatment), only two did not survive until the end of the trial, both in the 640 μg/L treatment, giving a survivorship of > 97% in all treatments. Snails increased rapidly in size in the control and all BPA treatments. The growth rates (g/day) and wet weights at 60 dph are shown in Figure 5 . Results of the nested ANOVA (with BPA concentration as a fixed effect and the replicates and snail parent pairs as random effect factors) found the effect of BPA to be nonsignificant (p = 0.07). This was confirmed by Dunnett's test comparing replicate means between each of the BPA concentrations with the control (p (two-sided) > 0.1 for all comparisons).
Analysis of the contribution of BPA concentration to the total variance in juvenile growth rate indicated that only 9.2% of the total variance in wet-weight growth was due to BPA concentration, 7.8% was due to replicate, 24.5% was due to the effect of parent and 58.5% was due to inter-individual variance. Thus the variance due to BPA is of the same order as the variance due to replicate, and the major source of variation in juvenile growth was due to interindividual variation. The average coefficient of variation for growth rate, among individual snails within replicate aquaria, was 28% and ranged from 20% to 37%.
Statistical power analysis
For the power analysis, we focused on the adult fecundity data because this trait showed a higher degree of inter-individual variability than egg hatchability or juvenile growth. The CV for the mean egg production among replicates within treatments was estimated to be 15%. For a fixed total number of replicates, the power is maximum if the number of replicates in the control is about k 0.5 as large as the number of replicates in each of the k concentration levels. Using a two-sided test, an increase or decrease in egg production of 20% can be observed with a power of 52% if 4 concentration levels are compared with the control, and 6 replicates are used per treatment and 12 in the control. With a power of 80% an effect of 25.9% can be observed with this design. To observe with a power of 80% an effect of 20% on egg production, 20 replicates in the control, and 10 in the treatments would be needed.
Discussion
We observed no effects of BPA exposure on survival or reproductive output of M. cornuarietis during a 12-week exposure period to concentrations in the range 0.1-640 μg/L. Average egg production rates (560 eggs/female/ month) were markedly higher than those observed by Oehlmann et al. (2000; 2006a ; peak rates were ca. 30-180 eggs/female/month), and we observed substantial intersnail variability in this endpoint. Likewise, we observed no effects of BPA exposure on egg hatchability, and egg masses in all treatments showed high hatchabilities that averaged over 90%. Eggs within and between egg masses hatched nearly synchronously with about a day between first-and 50% hatch. No effects of BPA exposure on the timing of hatching were observed. Juveniles showed high survival and good growth in the control and all treatments, and had reached a size of about 2 g (wet weight) by 60 days of age. Growth rates were within the range estimated from the baseline trial (Forbes, et al., accepted) , and there were no significant effects of BPA exposure on this endpoint.
The results observed in this study deviate substantially from those of Oehlmann and colleagues. Oehlmann et al. (2000) claimed to detect statistically significant stimulation of egg production in M. cornuarietis exposed to nominal BPA concentrations as low as 1 μg/L. However, since only one replicate was used for each treatment, the reported statistical tests are invalid. Oehlmann et al. (2006a) reported to observe significant stimulation of egg production for snails exposed to nominal BPA concentrations of 0.1, 0.5 and 1 μg/L during a total exposure period of 180 days. However, marked variation in snail reproductive output occurred over time in this study (which was attributed to seasonality in spawning), and it was claimed that effects of BPA were only detectable outside of the main spawning season (i.e., days 0-65 and days 145-180 of the study), which Oehlmann et al. (2006a) reported to occur from November to January. In the present study, which was conducted from August 26to November 11, 2005, (i.e., outside of the purported main spawning season according to Oehlmann et al., 2006a) , we observed both higher reproductive rates than Oehlmann et al. (2006a) and no effect of BPA exposure on egg production.
Using a nested design that permitted identification of individual snails, we were able to obtain estimates of inter-snail and inter-aquarium variability. By far the largest source of variability for all measured traits was due to variation among individual snails within replicates. Whereas the variance partitioning provides a measure of the relative importance of different sources of variability to traits, the coefficient of variation provides an estimate of the degree of variability in traits that is independent of the scale on which traits are measured. In the present study, we found that reproductive output was the most variable trait (average within-replicate coefficient of variation = 45%), followed by juvenile growth (CV = 28%), percent hatch (18%), and time to egg hatching (6-9%). This implies that designing toxicity tests with sufficient power to detect effects on egg production should also be sufficient for detecting effects on the other endpoints.
The high inter-snail variability observed in the present study (see also Forbes et al., accepted) needs to be addressed in both the design and statistical analysis of future toxicity tests. Designs that ignore this important source of variability are likely to produce misleading and potentially irrelevant results. High within-and amongreplicate variability in test endpoints, under tightly controlled laboratory conditions, means that large numbers of test organisms and/or replicates may be needed to statistically detect effects of imposed treatments. It also calls into question the biological significance of minor treatment-related effects that could be easily obscured under field conditions in which a range of natural biotic and abiotic factors are known to have a major influence on organism performance.
Power analysis based on the present results indicates that a relatively high degree of replication is needed to detect effects on reproduction of M. cornuarietis. Assuming four treatments plus a control, we estimated that detecting a 26% treatment effect on egg production with 80% power would require the use of six replicates per treatment and 12 replicates in the control, or a total of 36 tanks and 360 snails. For the same total number of tanks, we determined that this design is more powerful than a design Figure 5 . Juvenile Growth Trial. Mean growth rates (a), and wet weights at 60 days post-hatch (b), for juvenile snails exposed to different BPA treatments. Error bars are 95% confidence limits around replicate means (n = 3 per concentration).
using additional treatment concentrations and/or a design with an equal number of replicates in the control and treatment groups. Given the amount of space required to house these animals (ca. 1.25 L per snail), the need for flow-through systems to maintain water quality and constant toxicant exposure, and the replication needed to account for inter-snail variability are among the disadvantages of using M. cornuarietis in toxicity testing.
The results of the present study can be used to improve test design so that relevant effects of BPA on snail performance can be detected. We recommend that future tests maintain a nested design, in which individual snails can be identified, but that the degree of replication and the allocation of replicates among treatments be improved so as to reduce the minimum detectable effect size for reproductive output as much as practically feasible.
Conclusion
In conclusion, the results of the present study do not support previous claims of enhanced reproduction in Marisa cornuarietis in response to exposure to low concentrations of BPA. The present study was conducted using a more robust experimental design and more appropriate statistical methods than previously published studies of BPA effects on this species, and furthermore allowed intra-and inter-snail variability in response to BPA to be quantified. However, statistical power analyses indicate that, particularly for fecundity traits, even higher levels of replication (i.e., about twice that used here) are desirable for detecting effects of BPA with an acceptable degree of confidence. The results will be used to inform the design of future toxicity tests with this species.
